The availability of extensive genetic information is transforming plant breeding. Chromosome regions that contain desirable alleles can theoretically be systematically combined and selected by breeders to increase the probability of obtaining elite individuals. However, increasing quantities of phenotypic and genetic data in breeding programs are rapidly becoming challenging to manage and mine for useful information.

A considerable number of software programs are available for diagramming human and animal pedigrees and combining this information with trait and/or marker data: Cyrillic ([@CIT0004]), PEDRAW ([@CIT0005]), PEDHUNTER ([@CIT0001]), CoPE ([@CIT0003]), Pelican ([@CIT0006]), HaploPainter ([@CIT0008]), Madeline ([@CIT0009]), PediGrach ([@CIT0007]), Progeny ([http://www.progenygenetics. com/clinical/pedigree.html](http://www.progenygenetics. com/clinical/pedigree.html)), and R package Kinship ([http://cran.r-project.org/web/ packages/kinship/kinship.pdf](http://cran.r-project.org/web/ packages/kinship/kinship.pdf)). For plant breeding and genetics some specialized packages are also available, including PediTree ([@CIT0010]) and E-Brida (<http://www.e-brida.nl>). Many of these programs go beyond the visualization of pedigrees; they carry out calculations such as inbreeding coefficients and/or they include a database for storing breeding information. However, none of these programs offer the combination of user-definable phenotypic traits, linkage map--based genetic marker data, and the flexibility to handle plant pedigrees, in which selfing, clonal propagation, doubled haploid production, and repeated backcrossing with the same parent may occur. Other features frequently encountered in plant (breeding) pedigrees that are not (or to a smaller extent) found in human and animal pedigrees are polyploidy, hermaphroditic individuals (an individual can be used both as male and as female parent in different crosses), and mutants. A comprehensive pedigree visualization package for use in plant breeding and genetics must accommodate these specific plant needs.

Pedimap was developed as a tool to visualize and assist in the exploration of the flow of phenotypes and marker alleles of individuals through pedigrees to inform plant breeding decisions, and to understand and correct possible errors in genotyping and in assumed pedigree relations. It does not perform statistical or quantitative genetic calculations; rather it presents available genotypic and phenotypic data in a way that enables the understanding of the data. Pedimap simplifies the analysis of large and complex pedigrees by allowing the selection of groups of individuals (subpopulations) based on their pedigree relations.

The primary input files include data for the 3 core components of breeding records: parentage, phenotypic, and genotypic data. Pedimap can represent all possible forms of parentage in plant pedigrees including biparental crosses and selfings, sib-mating, backcross relationships, vegetative propagation, mutants, and doubled haploids. Population sizes are not restricted and any level of polyploidy can be accommodated. All categories of phenotypic data are supported, including continuous quantitative, discrete quantitative, and qualitative data. Also, all marker types are supported including representation of putative and confirmed null alleles, and calculated Identity-by-Descent (IBD) probabilities can be supplied as well. These phenotypic and genotypic data are not required nor do they have to be present for all individuals, so Pedimap can also be used to study just the structure of a pedigree itself.

Features and Functionality {#s1}
==========================

Pedigree Structure {#s2}
------------------

The interface for the first set of data, pedigree relationships, is based on the concept of subpopulations. From the total population, various subpopulations can be selected and each can be viewed in different graphical presentations. These subpopulations can be assembled manually, but tools are available to automatically include or exclude further individuals based on their pedigree relations with another individual.

In the simplest case, the pedigree of a selected individual can be visualized. In [Figure 1](#F1){ref-type="fig"}, the individual (apple seedling) "GaPi_07" was selected, and all its ancestors and full sibs were added automatically using the tool for selection based on pedigree relationships.

![Basic presentation of part of an apple pedigree. Female parentage is indicated by pink (light grey) lines and male parentage by blue (dark grey) lines. This subpopulation was obtained by automatically selecting all ancestors and sibs of individual GaPi_07.](jhered_ess060_f0001){#F1}

The pedigree visualization forms the scaffold on which the next set of data, phenotypic data, is superimposed. Qualitative phenotypic data can be color coded to reflect the different trait classes, whereas a color gradation can be used to represent variation for a quantitative trait ([Figures 2](#F2){ref-type="fig"} and [3](#F3){ref-type="fig"}).

![Screenshot of the user interface of Pedimap with the subpopulations panel (top left, with the "GaPi selection" subpopulation selected), information panel (bottom left, with information on the individual under the cursor), and the pedigree view (right). The pedigree view shows the same subpopulation as [Figure 1](#F1){ref-type="fig"} with apple crispness values indicated by color and with observed marker genotypes for 3 Simple Sequence Repeat loci. In several cases the alleles are highlighted in different colors.](jhered_ess060_f0002){#F2}

![Part of a pedigree of octoploid strawberry. Individuals colored blue (dark grey) or pink (light grey) when resistant or susceptible to red root rot (*Phytophthora fragariae*), respectively. The octoploid genotypes at an SSR marker are shown; the allele 145 (in white) is closely linked to the resistance gene (data from A. Pikunova et al., Wageningen UR - Plant Breeding).](jhered_ess060_f0003){#F3}

Genetic Marker Data {#s3}
-------------------

Next to the pedigree and phenotypic data, genetic data (observed marker genotypes) can be added, organized by linkage group. The required information for each linkage group includes a linkage map: a list of locus names and map positions, and for each locus, the possible allele identifiers. The locus genotype of every individual is specified by 2 (or more, in the case of polyploids) allele identifiers. Instead of an allele, a missing value or a symbol indicating a possible or a confirmed null allele can be given. It is possible to assign an allele a specific color, which can be useful to investigate the inheritance of specific alleles or to easily identify situations (e.g., contradictory genotypes) that need further attention. The genetic data for selected marker loci can then be visualized along with the pedigree and phenotypic data ([Figures 2](#F2){ref-type="fig"}--[4](#F4){ref-type="fig"}).

![A different part of the apple pedigree is shown with genotypes for 7 closely linked Single Nucleotide Polymorphism (SNP) markers; the alleles per locus are listed in alphabetical order. SNP haplotypes are reconstructed starting at the completely homozygous individual Gala and shown in different colors (SNP data from Dr Michela Troggio, Istituto Agrario di San Michele all'Adige).](jhered_ess060_f0004){#F4}

IBD {#s4}
---

Pedimap can also visualize IBD probabilities of founder alleles. These must be given in the input file as Pedimap does not calculate these values itself. A package that can perform these calculations and produces output files compatible with Pedimap is FlexQTL ([@CIT0002]; see also [Interfacing with Other Software](#s5)). This visualization can help to follow the inheritance of a specific haplotype through the pedigree, even if several founders have the same marker allele at that position ([Figure 5A](#F5){ref-type="fig"}). It can also illustrate how the founder chromosomes are progressively recombined through the generations ([Figure 5B](#F5){ref-type="fig"}; [@CIT0011]).

![The same apple pedigree as in the first 3 figures is shown with precalculated IBD data for part of chromosome 1. Panel A shows the most probable founder alleles instead of the observed alleles. The color of the allele indicates the founder allele. A bold typeface indicates a high probability, normal and italic typefaces indicate lower probabilities according to user-specified thresholds. In panel B, again each color represents a different founder haplotype. Each rectangle in an individual represents 1 of the 2 copies of the selected chromosome. The vertical dimension represents the positions along the chromosome; the width of a color at a certain position indicates the IBD probability that the corresponding founder allele is present.](jhered_ess060_f0005){#F5}

Interfacing with Other Software {#s5}
-------------------------------

Pedimap is being used in several projects in close relation with FlexQTL, software for QTL analysis and IBD calculations in multiple pedigreed populations ([@CIT0002]). In order to allow for easy exchange of data, both Pedimap and FlexQTL export data in the format required for the other program. In the case of Pedimap, this involves the export of data from the complete pedigree or from selected subpopulations, and the filling-in of missing parents of "semi-founders": individuals of which only 1 parent is known, which are accepted by Pedimap but not by FlexQTL.

In order to import large amounts of SNP data generated by Illumina's genotyping platforms, a conversion script is available from the Pedimap website that builds a data file in Pedimap format from a text file exported by the GenomeStudio software ([http://www.illumina.com/software/ genomestudio_software.ilmn](http://www.illumina.com/software/ genomestudio_software.ilmn)).

Availability {#s6}
============

Pedimap is available at no cost for the Windows platform (all 32- or 64-bit versions). Pedimap can be downloaded from <http://www.plantbreeding.wur.nl/UK/software_pedimap.html>. The download package contains also a manual and a small sample dataset. A license can be obtained free of charge from the same website.

Conclusion {#s7}
==========

Pedimap allows the visualization of phenotypic and genotypic information in pedigreed populations. It does not do any calculations such as inbreeding coefficients or IBD probabilities, and it does not offer database capabilities; it only visualizes the data imported from an input file. However, it does so in a very flexible way and it is unique in its ability to handle a combination of items including selfing, hermaphroditism, backcrossing, polyploidy, and others that are especially important in plant pedigrees. As such it is uniquely suited for use in a plant (breeding) context, whereas it can also be applied to other organisms.
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